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Abstract

Carcinogenesis and tumor progression are con-
trolled by both genetic and epigenetic events. Unlike
genetic aberrations, epigenetic aberrations such as
DNA methylation and histone deacetylation evident in
cancer cells can usually be reversed to reactivate epi-
genetically silenced tumor suppressor genes and pos-
sibly normalize a malignant cell population. Thus,
researchers have focused on epigenetic events as tar-
gets for effective cancer therapy and chemopreven-
tion. At the 97th American Association for Cancer
Research Annual Meeting in Washington, D.C., the
preclinical and clinical activity of several histone
deacetylase (HDAC) and DNA methyltransferase
(DNMT) inhibitors was described, indicating promising
anticancer effects.

Introduction

Carcinogenesis and tumor progression are controlled
by both genetic and epigenetic events. Epigenetic phe-
nomena, evident in all biological processes, involve mitot-
ic and meiotic heritable states of gene expression that are
not due to alterations in DNA sequences. Unlike genetic
changes where reversal is difficult or impossible, epige-
netic aberrations can be reversed to reactivate epigenet-
ically silenced tumor suppressor genes and possibly nor-
malize a malignant cell population (Fig. 1). Researchers
have therefore focused on epigenetic events as targets
for effective cancer therapy and chemoprevention (1-5).

Several enzyme families are involved in epigenetic
events. These include DNA methyltransferases (DNMTSs),
histone acetylases (HATs), histone deacetylases
(HDACS), histone lysine methyltransferases (HMTs) and
histone demethylases. All these enzymes can interact
directly with DNA or histone tails, introducing modifica-
tions and thus changes in gene expression. DNA methyl-

ation and histone modification are the two epigenetic
events that together intricately control the status of gene
expression and ultimately determine the fate of a cell.
Because human tumors commonly exhibit changes in
DNA methylation and histone modifications, researchers
have focused on the identification of epigenetic agents
such as HDAC and DNMT inhibitors as potential anti-
cancer agents. Inhibition of DNMTs and/or HDACs could
result in inhibition or reversal of epigenetic silencing in
cancer cells. The involvement of these two enzymes in
epigenetic events has been extensively studied, resulting
in the identification of several HDAC and DNMT inhibitors
with antitumor effects that have progressed to clinical
testing, as shown in Tables | and Il (3-15).

Several studies presented at the 97th American
Association for Cancer Research (AACR) Annual Meeting
in Washington, D.C. presented novel data on DNMT and
HDAC inhibitors.

Both preclinical and early clinical activity was report-
ed, indicating promising antitumor effects for epigenetic
targeting agents.

Histone deacetylase (HDAC) inhibitors

Histone is a highly conserved protein found in the
nuclei of all eukaryotic cells, where it is complexed to
DNA in chromatin and chromosomes. It is a protein of rel-
atively low molecular weight and is basic, with a high argi-
nine/lysine content. Two copies of histones H2A, H2B, H3
and H4 bind to about 200 base pairs of DNA to form the
repeating structure of chromatin known as the nucleo-
some; H1 binds to the linker sequence. Histone can act
as a nonspecific repressor of gene transcription, and his-
tone acetylation in particular is one mechanism which
regulates chromatin structure and its transcription. HDAC
is the enzyme that removes an acetyl group from his-
tones, allowing them to bind DNA and inhibit gene tran-
scription. Inhibitors of HDAC can transcriptionally reacti-
vate dormant tumor suppressor genes. In addition, these
agents exhibit cell cycle-arresting and proapoptotic prop-
erties and induce chromatin remodeling and loss of fideli-
ty during mitosis, although the exact mechanism of these
actions is unknown (Fig. 1). Inhibitors of HDAC can be
divided into four groups: short-chain fatty acids, hydrox-
amic acids, cyclic tetrapeptides and benzamides (Table I)
(16-22).
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Fig. 1. A nucleosome octamer contains two copies of core histone proteins, H23A, H2B, H3 and H4, each of which has two distinct
domains: the globular histone-fold domain and the lysine-rich, positively charged, N-terminal tail. Histone H1 fastens the DNA to the
nucleosome core and helps pack nucleosomes together in the fiber. The silencing process of a gene begins with the recruitment of DNA
methyltransferases (DNMTSs) resulting in DNA methylation. After methylation, methyl-CpG-binding protein 2 (MeCP2) and methyl binding
domain (MBD) proteins 1, 2 and 3 are recruited, which will recruit more silencing factors. In the absence of ligands, nuclear receptor
dimers are associated with co-repressor complexes (SMRT/NCoR) that recruit histone deactylases (HDAC) either directly or indirectly
through their interaction with enzymatic complexes. Deacetylation of the histone tail leads to chromatin compaction and transcriptional

repression.
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Table I: Histone deacetylase (HDAC) inhibitors under development for the treatment of cancer.
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Inhibitor Source Phase
Short-chain fatty acids
1. Sodium butyrate (217909) INSERM/Osaka Medical Center for Cancer |

& Cardiovascular Diseases
2. Valproic acid (280482) Abbott |
Hydroxamic acids
3. Vorinostat (230535) Merck & Co. 1/
4. PXD-101 (318295) CuraGen/TopoTarget 1l
5. LBH-589! (353509) Novartis |
6. Pyroxamide (287630) National Cancer Institute (US) |
7. Oxamflatin (239622) Shionogi/TopoTarget Preclinical
8. CBHA (303699) Cornell University Preclinical
9. Trichostatin A (115620) Ajinomoto Preclinical
10. Scriptaid (314106) Johns Hopkins University Preclinical
11. HDAC-42 (383147) Indiana University/Ohio State University Preclinical
12. (S)-HDAC-42 (403161) Ohio State University Preclinical
13. SB-623 (423355) S*BIO Preclinical
14. SB-624 (401579) S*BIO Preclinical
15. SB-639 (423356) S*BIO Preclinical
16. SK-7041 (355164) In2Gen/SK Chemicals Preclinical
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o

H c/\)]\o' Na'

3

M

(4)

HO

Celera Genomics

(e} o
H,C N _OH
OH N
H,C o)
(2

N
H
0
(6)
o} o
OH
XN N/
H c\’Il CH, CH,
CH,
C)

©)

A

f _OH
~ MH N ©\ /H // = N
\® :

HC™ "CH, HC™  "CH, HC N _CH,
11) 12) (13)
o]
HO( = N Q
N N\ HO = N 2

N N N
N H H
H H3C\N 2 SOH

N éH3 (e}
O HC N _CH,
(14) (15) (16)

Continuation



338

Epigenetic targets as an approach to cancer therapy and chemoprevention

Table | (cont.): Histone deacetylase (HDAC) inhibitors under development for the treatment of cancer.

Inhibitor Source Phase
Cyclic tetrapeptides
18. Romidepsin (158963) Astellas Pharma/Gloucester Pharmaceuticals/National I

Cancer Institute (US)
19. Apicidin (235761) Merck & Co. Preclinical
20. CHAP-1 (125751) Japan Energy Preclinical
21. Trapoxin B (171115) Shionogi Preclinical
Benzamides
22. MS-27-275 (266686) National Cancer Institute (US)/Schering AG 1]
23. Compound (23) (423965) MethylGene Preclinical

o)
N ~OH H
o) H,C
HN o
C

21

3

(0]

o o
aX L
NH, o A
AT °
S & o N

E

5 o

o L
N
H

o
CH

N
H
CH, HCT X H CH,
e} fe) NH
HN o

A
(e}
In-.<
ZT

o—z=
T
%
O

H,C
(19)

7]

A

HCT N

NH

(22) (23)

1Structure not yet available. 2According to Prous Science Integrity®, the company is studying hydroxamic acid derivatives as HDAC
inhibitors (WO 2003066579; WO 2004092115; WO 2005019174; WO 2005097770).

Several pan-HDAC inhibitors have progressed to clin-
ical trials, with results showing good tolerability and sug-
gesting that, when administered in association with clas-
sic chemotherapeutic drugs or in combination with
DNA-demethylating agents, these agents could be
promising drugs for cancer patients. Highlights of some of
the preclinical and clinical studies presented at the AACR
meeting are summarized below.

Researchers from MethylGene have identified a novel
class of thiophenyl-substituted benzamides that exhibit
HDAC-inhibitory activity, enhanced isotype selectivity and
antiproliferative actions in vitro and in vivo. Compound
(23) is a thiophenyl derivative of tacedinaline (CI-994) that
was shown to have significantly enhanced HDAC-
inhibitory activity in enzyme experiments. Antiproliferative
activity was also observed in human cancer cell lines and
the compound was effective in vivo in murine xenograft
models (23).

Novel  N-hydroxy-3-benzimidazol-5-ylacrylamides
were described by researchers at S*BIO as prototypes for
HDAC inhibitors. The agents were more potent then
suberoylanilide hydroxamic acid (vorinostat, SAHA) or
PXD-101 in vivo, SB-623, SB-624 and SB-639 emerging
as the most promising agents of this class (IC.,for HDAC1
= 51, 24 and 35 nM, respectively). The agents effectively
inhibited the proliferation of COLO 205, MDA-MB-231,
PC-3 and A549 tumor cell lines in vitro, with Gl values
ranging from 87 to 320 nM. All compounds were stable in
human liver microsomes (t,,, > 30 min) and showed no
interaction with cytochrome P-450 (CYP) 2D6 or 3A4
enzymes. The agents were well tolerated when given i.p.
for 21 days to mice, with a maximum tolerated dose (MTD)
of > 50 mg/kg i.p. SB-639 (100 or 130 mg/kg/day i.p. or
100 or 200 mg/kg/day p.o. for 21 days) exerted potent
tumor growth-inhibitory activity in nude mice bearing HCT
116 xenografts. After 21 days of treatment, tumor growth-
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inhibitory rates were 52%, 81%, 44% and 70% for the
respective doses, and significant tumor growth delays
were observed as compared to controls (24).

The novel, broad-spectrum HDAC inhibitor CRA-
026440 (Celera Genomics) was shown to have potent
inhibitory activity against HDAC enzymes (K; = 4-20 nM)
and growth-inhibitory effects against several human can-
cer cell lines in vitro. The agent was also effective in vivo
when administered in murine xenograft models as
monotherapy or in combination with bevacizumab
(Avastin®) or 5-fluorouracil (5-FU). CRA-026440 signifi-
cantly reduced the growth of U-937 histiocytic lymphoma
and HCT 116 xenografts. However, CWR-22RV1 prostate
tumor xenografts were resistant to treatment.
Examination of the mechanism of action revealed that the
agent downregulates the tumor angiogenesis-related
genes VEGF and KDR. In addition, CRA-026440 was
shown to time-dependently induce Erk and p70 (S6)
phosphorylation and increase STAT3 levels and caspase-
3 activation in HCT 116 cells (25).

The preclinical activity of the novel, rationally designed
phenylbutyrate HDAC inhibitor HDAC-42 was reported by
researchers from Indiana University and Ohio State
University. HDAC-42 was developed to specifically insert
into the active-site pocket of HDAC and was shown to
exert both classic HDAC inhibitor effects, such as acetyl-
ating H3, and nonhistone effects, such as reducing o-
tubulin deacetylation. The antiproliferative effects of the
agent were demonstrated in experiments using several
ovarian cancer cell lines. IC, values obtained against SK-
OV-3, A2780 and cisplatin-resistant CP70 cells following a
72-h treatment were 1.9, 0.4 and 0.6 uM, respectively.
HDAC-42 was less toxic than vorinostat in experiments
using normal ovarian surface epithelial cells (IC., = 8.9 uM
vs. 6.3 uM). Analysis of the mechanism of action of HDAC-
42 revealed that the agent acts via both p53-dependent
and -independent cascades, since it upregulated NOXO
3-fold and gammaglobin 45-fold in the p53-positive cell
line A2780. However, p21, the p53 target gene, was
upregulated in both p53-negative and -positive cells, sug-
gesting that p53 is not fully needed for induction (26).

The effects of HDAC-42 on ErbB family receptors
were investigated in T24 (high-grade invasive transitional
cell carcinoma) and RT4 (low-grade noninvasive papillary
transitional cell carcinoma) bladder cancer cell lines.
Treatment with 25-100 nM resulted in significant, concen-
tration-dependent increases in H3 and H4, indicating
HDAC inhibition. Cell viability and the expression of ErbB
receptors were not altered by treatment even up to 96 h.
However, treatment for 24 h with 1-5 uM resulted in sig-
nificant and concentration-dependent decreases in ErbB-
1 and ErbB-2 expression in both cell types. Inhibition of
receptor expression was found to be occurring at the tran-
scriptional level and was associated with reduced phos-
phorylated ERK1/2 levels. This suggests that the agent
acts downstream in the Raf-1/MEK/ERK pathway. HDAC-
42 was also shown to significantly decrease ErbB-4
expression in RT4 but not T24 cells, and to induce
expression of ErbB-3 in T24 cells. The results suggest
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that HDAC-42 may be effective in combination with anti-
Erb-B agents (27).

To evaluate the potential efficacy of HDAC-42 as a
treatment for esophageal adenocarcinoma (EAC), its
effects on acid-induced gene expression patterns of acid-
pulsing SEG-1 human EAC cells were examined.
Treatment of the SEG-1 cells with the agent caused an
overrepresentation of 10 gene categories, of which the
five most significantly upregulated categories included cel-
lular process, cell communication, endosome, protein
binding and signal transduction. In addition, among the
significantly downregulated genes, 113 categories were
significantly overrepresented, with mitotic cell cycle, cell
cycle, M phase, nucleus, nuclear division and cell prolifer-
ation the most significantly downregulated categories.
Both acid-pulsing SEG-1 cells and cells pretreated with
HDAC-42 followed by acid pulsing did not exhibit signifi-
cantly overrepresented gene categories, suggesting that
acid treatment does not target specific gene categories.
However, many probe sets were significantly up- or down-
regulated in HDAC-1-pretreated acid-pulsing cells (28).

Results from another in vitro study suggest that (S)-
HDAC-42 may be effective as a radiosensitizer for the
treatment of prostate cancer. The study examined the
antitumor effects of the agent in combination with ionizing
radiation (2 Gy) against PC-3, DU 145 and LN-3 prostate
cell lines. The LN-3 cell line was the most sensitive to (S)-
HDAC-42. Treatment with the agent significantly blocked
cells in the G2/M phase of the cell cycle and increased
Bax and NF-xB levels while decreasing Bcl,, and Bcl-2
levels. In addition, nuclear p65 decreased with treatment,
suggesting that nonepigenetic mechanisms, such as
alterations in nucleo-cytoplasmic shuttling, may also be
involved in the antineoplastic effects seen with combina-
tion treatment (29).

The efficacy of SK-7041, an inhibitor of class | HDACs
from SK Chemicals, as a radiosensitizer in human cancer
cells was examined and compared to the HDAC class I
inhibitor splitomicin and the class | and Il inhibitor TSA.
TSA was the most effective radiosensitizer, followed by
SK-7041 and splitomicin, which was the least potent. The
radiosensitizing effects of TSA were more marked in cells
expressing p53 (30).

The novel hydroxamate HDAC inhibitor PXD-101
(CuraGen; TopoTarget) was shown in in vitro studies to be
effective as monotherapy (at submicromolar to low micro-
molar concentrations) and in combination with the EGFR
inhibitor erlotinib against several human non-small cell
lung cancer (NSCLC) cell lines. Combination treatment
resulted in additive to synergistic effects and PXD-101
treatment alone was shown to reduce EGFR expression
(31).

An in vitro study using five human melanoma cell lines
demonstrated that full-length TNF-related apoptosis-
inducing ligand (TRAIL) delivered by an adenoviral vector
(Ad-hTRAIL) combined with the HDAC inhibitor vorinostat
decreased cell growth at 72 h posttreatment in four cell
lines; the growth-inhibitory effects observed were additive
or synergistic. However, combination treatment including
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Ad-hTRAIL and dacarbazine was more effective in inhibit-
ing cell growth than Ad-hTRAIL and vorinostat (32).

Vorinostat is currently undergoing clinical develop-
ment for the treatment of various cancers. A phase | study
in 23 patients with advanced cancer examined the safety,
tolerability and pharmacokinetics of the agent (400
mg/day for 28 days) in the fasted and fed states.
Vorinostat was well tolerated. Adverse events related to
treatment included thrombocytopenia, increased serum
creatinine, anorexia/weight loss, nausea/vomiting and
fatigue. Twenty-three and 14 patients were evaluable for
day 1 single-dose and day 28 multiple-dose pharmacoki-
netics, respectively. The rate of absorption of the agent
was reduced in the presence of a standard high-fat meal.
In the fed state, most patients had a delay of a minimum
of 15 min before levels of vorinostat could be detected in
serum and the t_, was slightly delayed. Mean apparent
terminal t,,, values were short and similar for both single
and multiple doses and for the fed and fasted states
(1.36-1.74 h) (33).

An in vivo study using BALB/c mice bearing renal cell
carcinoma (RENCA) xenografts showed that combination
treatment including the HDAC inhibitor MS-27-275 (5
mg/kg p.o. 5 days/week for 2 weeks) and interleukin-2
(IL-2; 150,000 IU i.p. b.i.d. twice weekly for 2 weeks)
resulted in synergistic activity. Treatment was initiated 4
days postimplantation and significant reductions in tumor
growth of 80% or more were observed with combination
treatment as compared to IL-2 alone, which produced no
significant effects, and MS-27-275 alone, which caused
an approximate 40% inhibition. Significant reductions in
spontaneous lung metastases (> 90%), greater spleno-
cytic lysis, increased lymph node CD4* cells, reduced
lymph node Fox-p3* cells and a significant increase in
survival were also observed with combination treatment
as compared to either monotherapy (34).

LBH-589 was shown to reactivate the silenced estro-
gen receptor a (ERa) gene in ER-negative human breast
cancer cell lines (MDA-MB-231, MDA-MB-435).
Treatment with the HDAC inhibitor for 24 h restored ER
mRNA and protein expression, effects that were sus-
tained for at least 96 h after drug withdrawal. The mech-
anism by which it restored the silenced ER gene did not
involve demethylation of the CpG island at the ER pro-
moter. However, LBH-589 caused release of DNMT1,
HDAC1 and the H3 (Lys-9) methyltransferase SUV39H1
from the ER promoter, which was associated with accu-
mulation of acetylated histones H3 and H4 (indicating
euchromatin formation), a decrease in DNMTL1 protein
expression, a decrease in H3 (Lys-9) methylation, an
impairment of heterochromatin protein 1 (HP1) binding at
the promoter, and an increase in ER promoter activity
(35).

A preclinical study evaluated the efficacy of combina-
tion treatment targeting hypoxia-inducible factor-1lo (HIF-
la) and tissue factor (TF) by the mTOR inhibitor
rapamycin combined with the HDAC inhibitor LBH-589.
Treatment of endothelial cells and a renal cell carcinoma
cell line (UMRC?2) deficient in Von Hippel-Lindau tumor

suppressor gene (VHL) resulted in a significant decrease
in HIF-1a expression as compared to either monotherapy.
In addition, LBH-589 completely blocked rapamycin-
induced TF activity in VEGF-stimulated human umbilical
vein endothelial cells (HUVEC), and TF expression in
UMRC2 cells was significantly inhibited by about 50%.
Treatment with the combination in an orthotopic UMRC2
model resulted in significant antitumor and antiangiogenic
effects. No rapamycin-induced intratumoral thrombosis or
increase in TF expression was observed. Results suggest
that LBH-589 prevents VEGF- and rapamycin-induced TF
activity (36).

LBH-589 (20 nM) was also shown to act synergisti-
cally with the multiple receptor kinase inhibitor AEE-788
(5 uM) to induce apoptosis in lung cancer cells (A549).
Each agent alone caused little cytotoxic effect, while com-
bination treatment markedly increased cytochrome c
release, caspase activation, PARP (poly[ADP-
ribose]polymerase, NAD* ADP-ribosyltransferase) cleav-
age and apoptosis. In addition, Mcl-1, a member of the
Bcl-2 antiapoptotic family, phospho-p70S6K and p21
were downregulated in cells treated with both agents.
Similar effects were also observed when AEE-788 was
combined with other HDAC inhibitors, such as LAQ-824
or sodium butyrate (37).

LBH-589 is currently undergoing phase | development
as both i.v. and oral formulations, and preliminary results
were reported from an ongoing phase | trial in 9 patients
with advanced-stage cutaneous T-cell lymphoma (CTCL).
Patients were treated with either 20 or 30 mg 3 times per
week until disease progression or unacceptable toxicity.
Complete and partial responses were obtained in 2
patients each and 1 patient had stable disease with ongo-
ing improvement; 4 patients had disease progression.
Two patients who had stable disease discontinued due to
grade 3 diarrhea at week 4 and grade 2 fatigue at week
12. However, 3 months later, complete and partial
responses, respectively, were achieved by these patients,
indicating ongoing disease regression even after treat-
ment discontinuation. A patient who responded with a
complete response was discontinued after 10 doses due
to grade 3 diarrhea and progressed at 8 months. Distinct
gene expression response profiles were obtained for 3
patients with a complete response and 1 with disease
progression (38).

Other HDAC inhibitors under development are also
shown in Table I.

DNA methyltransferase (DNMT) inhibitors

DNA is methylated by DNMTs at the 5-position of the
cytosine ring (C5), almost exclusively at CpG dinu-
cleotides. Deviations in the expected methylation patterns
usually established during development and the associat-
ed changes in gene expression can lead to tumorigene-
sis. Cancer cells exhibit changes in 5-methylcytosine dis-
tribution, such as global DNA hypomethylation and
hypermethylation of promoter CpG islands associated
with tumor suppressor genes. CpG island hypermethyla-
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tion represents a change in the chromatin structure that
together with histone modifications can result in a tran-
scriptionally silenced state (see Fig. 1). DNA methylation
is an excellent marker for assessing the epigenetic state
of a locus due to the fact that it is preserved in isolated
DNA and it has been used to globally profile cancers.
DNMTs are responsible for both de novo methylation and
its maintenance, and DNMT inhibition could therefore
restore DNA methylation patterns. Only three of the five
DNMTs identified to date possess enzymatic activity
(DNMT1, DNMT3a and DNMT3b vs. DNMT2 and
DNMT3L). There are currently two recognized classes of
DNMT inhibitors: nucleoside analogues and non-nucleo-
side analogues (Table II). Nucleoside analogues have a
modified cytosine ring attached to either a ribose or
deoxyribose moiety. These agents are metabolized by
kinases, which convert nucleosides to nucleotides, and
are then incorporated into DNA (and RNA) where they
inhibit DNA methylation. Non-nucleoside analogues may
be more effective since they are small-molecule inhibitors
that bind directly to the catalytic region of DNMT, render-
ing the enzyme inactive; they are not incorporated into
DNA (39-42). Several studies presented at this year’s
AACR meeting indicated potential efficacy for selected
DNMT inhibitors as cancer therapeutics.

Table II: DNA methyltransferase (DNMT) inhibitors under development
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The nucleoside DNMT inhibitor zebularine is a syn-
thetic ribonucleoside that is thought to exert antineoplas-
tic effects through reactivation of tumor suppressor genes
that are dormant due to the aberrant DNA methylation
occurring in cancer cells. The agent is stable in both
aqueous and acid solutions, is cancer cell-selective and
less toxic than 5-azacytidine and decitabine. Zebularine
was also shown to be effective in a murine T-cell lym-
phoma xenograft model. The safety and tolerability of the
agent were examined in mice and cynomolgus monkeys.
The effects of long-term administration of zebularine (0.1
mg/kg p.o. for 93 days starting on day 7 after birth) in wild-
type and Apc™* mice (genetically predisposed to intesti-
nal and mammary tumorigenesis) were examined. No
toxicities or abnormalities were observed in any of the
mice throughout the treatment period. Analysis of treated
Apc™* mice showed that the agent did not detrimentally
alter the gene profile of normal liver tissue. Analysis of
DNA methylation in heart, liver, spleen and large and
small intestines revealed that the agent was tissue-selec-
tive, with a decrease in activity observed only in the large
intestine in normal mice (43).

The safety of biologically active doses of zebularine
as a continuous infusion and as repeated i.v. boluses for
up to two 5-day cycles was examined in male cynomol-

for the treatment of cancer.

Inhibitor Source Phase
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gus monkeys, with results indicating a narrow dose range
separating minimal toxicity and unpredictable mortality,
possibly due to renal and/or hepatic toxicity-induced
impairment in drug clearance and consequent increases
in plasma drug levels. Continuous infusion of doses to
achieve plasma levels of 10-15 uM resulted in dose-relat-
ed toxicity. No serious toxicity or mortality was observed.
Toxicities associated with continuous infusion included
alterations in alanine aminotransferase (ALT), lactate
dehydrogenase (LDH) and creatine kinase (CK) levels,
and increases in white blood cell and reticulocyte counts.
However, continuous infusion of doses to achieve plasma
levels of 25-50 uM caused mortality. Small increases in
the expression of fetal gammaglobin (a marker of zebu-
larine pharmacodynamic activity) were observed with
continuous infusion of doses giving plasma levels of 20
puM. Daily i.v. bolus injections of 500, 750 or 1000 mg/kg
induced mortality associated with large increases in plas-
ma zebularine levels, probably due to a reduction in clear-
ance. All doses increased gammaglobin levels.
Administration of daily bolus doses of 250 mg/kg or less
was less toxic and was not associated with mortality.
However, clinical alterations suggested modest hepatic
and renal toxicity at these doses (44).

Synergistic proapoptotic activity was observed
against NSCLC-derived cell lines when the DNMT
inhibitor hydralazine (LD.,= 50 uM) was combined with a
peroxisome proliferator-activated receptor y (PPARY) ago-
nist (LD, = 15 uM). Both agents alone significantly and
concentration-dependently decreased cell survival. When
combined, the agents resulted in an average increase in
apoptosis rates from 51% to 105%, with a trend toward
G2/M phase cell cycle arrest. Monotherapy and combina-
tion therapy induced re-expression of the tumor suppres-
sor gene pl6 and the transcription factors GATA-4 and
PAX-53. Moreover, preliminary results from in vivo stud-
ies suggested that treatment with either agent alone or in
combination was well tolerated, no toxicity being
observed. Thus, combination treatment including a
DNMT inhibitor and a PPARy agonist may be an effective
approach for preventing progression and inducing regres-
sion of lung cancer (45).

The nucleoside analogue decitabine (5-aza-2'-deoxy-
cytidine) was shown in in vitro studies using a prostate
cancer cell line (DU 145) to increase expression of
GADDA45a, a gene involved in apoptotic pathways that is
reduced in this prostate cancer cell line. In addition,
decitabine pretreatment increased the cells’ sensitivity to
docetaxel (46).

The galectin-3 gene is silenced by methylation in
melanoma and an in vitro experiment using a murine
melanoma cell line (Tm1) showed that treatment with
decitabine (10 pM) induced de novo expression of the
gene. Treatment also resulted in a reduction in cell
growth and an increase in sensitivity to cell death.
Interestingly, treatment with high concentrations of the
HDAC inhibitor trichostatin A (100 and 200 nM)
reversed the effects of decitabine on galectin-3 expres-
sion (47).

The cytotoxic mechanism of action of decitabine and
azacytidine was investigated in vitro using cancer cell
lines. Both agents significantly inhibited cell growth and
caused G2/M phase arrest. Further analysis of the effects
of decitabine revealed that the agent caused marked
DNA damage and induced yH2AX, which is known to be
induced by double-strand breaks. However, decitabine-
induced yH2AX induction was significantly decreased in
cell lines deficient in ATM and p53, suggesting that both
these signal transduction pathways may be activated in
response to decitabine-induced DNA damage (48).

Decitabine (0.2 mg/kg p.o. 5 days/week for 19 weeks)
was reported to be effective against carbamate-induced
lung tumors in mice. However, no synergistic or additive
effects were observed in this model when decitabine was
combined with the HDAC inhibitor vorinostat (400 or 1000
mg/kg in the diet for 19 weeks). Lung tumor multiplicity
was significantly decreased in animals receiving
decitabine (15.3 + 1.16 vs. 23 + 0.87 in controls) or
vorinostat alone (19.5 + 1.29 and 8.84 + 0.82, for the
respective vorinostat doses vs. 26.9 + 1.42). Combination
treatment also resulted in lung tumor reductions (14.5 +
1.02 and 7.36 + 0.92, respectively, vs. 26.9 + 1.42),
although potency was equivalent to treatment with either
agent alone. In contrast to vorinostat which also reduced
the average size of tumors and the percentage of car-
cinogenic tumors, decitabine had no such effects (49).

H1299 lung cancer cells lack Fhit and Wwox expres-
sion due to promoter hypermethylation. Experiments per-
formed in vitro have shown that treatment with either the
HDAC inhibitor trichostatin A or the DNMT inhibitor
decitabine restores Fhit and Wwox in H1299 cells and
renders the cells nontumorigenic when administered s.c.
in vivo. An in vivo study using mice with established
H1299 tumors reported that although treatment with
decitabine (7.5 mg/kg i.p.) in combination with trichostatin
A (700 pg/kg i.p.) had no effect on tumors that were > 200
mm?, the combination effectively inhibited or reversed
growth of tumors that were < 100 mm?2. However, 2 ani-
mals died from toxicity associated with combination treat-
ment. The combination regimen was modified so that ani-
mals were treated when all tumors were < 100 mm? and
decitabine and trichostatin A doses were reduced to 5 and
500 mg/kg, respectively. In addition, the agents were
administered both by intratumoral and i.p. injections.
These alterations were not associated with any deaths
and resulted in restoration of Fhit and Wwox expression,
inhibition or regression of tumor growth, decreases in
mitotic activity, increases in the apoptotic fraction and
caspase-3 activation. In contrast, administration of i.p. tri-
chostatin A had no such effects in this model (50).

The efficacy of combination treatment including
decitabine (5 mg/kg i.p.) and the HDAC inhibitor tricho-
statin A (500 mg/kg i.p.) was examined in immunocompe-
tent B6SF129/1 mice bearing NSCLC tumors (the acti-
vated k-ras murine adenocarcinoma cell line LKR13).
Treatment was initiated 1 week postinoculation and con-
tinued weekly for 3 weeks, and resulted in a reduction in
mean tumor volume by day 30 (125 mm?3 vs. 540 mm? in
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controls). Moreover, animals inoculated with LKR13 cells
pretreated in vitro with decitabine and trichostatin A also
exhibited a decrease in mean tumor volume (175 mm?) as
compared to controls. All control animals exhibited tumor
volumes > 500 mm? by day 45, in contrast to none of the
decitabine + trichostatin A-treated animals; only 1 animal
in the group inoculated with pretreated LKR13 cells had a
tumor volume > 500 mm? (51).

Decitabine is currently undergoing phase II/lll devel-
opment and promising results from a randomized phase
Il trial conducted in patients with myelodysplastic syn-
drome (MDS) were reported. The study, in which
decitabine was administered in three regimens (10
mg/m?/day i.v. for 10 days, 20 mg/m?/day for 5 days or 10
mg/m? s.c. b.i.d. for 5 days), also analyzed the expression
status of the tumor suppressor genes pl5™K4B and
p21CPWAF from 54 patients. An overall response rate of
85% was obtained, which included a complete response
rate of 33%. The complete response rate for the three
groups was 25%, 42% and 29%, respectively. The
expression of p15 was significantly higher in responders
as compared to nonresponders at baseline (3.5-fold) and
on day 26 (8.9-fold), and increased from baseline with
treatment in both populations (3.5- and 1.4-fold for
responders and nonresponders, respectively). In con-
trast, p21 expression levels were similar at baseline and
unchanged following decitabine therapy. Thus, higher
pl5 gene expression at baseline was associated with a
better clinical outcome with decitabine therapy (52).

References

1. Yoo, C.B., Jones, P.A. Epigenetic therapy of cancer: Past,
present and future. Nat Rev Drug Discov 2006, 5: 37-50.

2. Bird, A. DNA methylation patterns and epigenetic memory.
Genes Dev 2002, 16: 6-21.

3. Laird, P.W. Cancer epigenetics. Hum Mol Genet 2005, 14(1):
R65-76.

4. Johnstone, R.W. Histone-deacetylase inhibitors: Novel drugs
for the treatment of cancer. Nat Rev Drug Discov 2002, 1: 287-
99.

5. Egger, G., Ling, G., Aparicio, A., Jones, P.A. Epigenetics in
human disease and prospects for epigenetic therapy. Nature
2004, 429: 457-63.

6. Esteller, M. DNA methylaton and cancer therapy: New devel-
opments and expectations. Curr Opin Oncol 2005, 17: 55-60.

7. Hashimshony, T., Zhang, J., Keshet, I., Bustin, M., Cedar, H.
The role of DNA methylation in setting up chromatin structure
during development. Nat Genet 2003, 34: 187-92.

8. Kaminskas, E. et al. Approval summary: Azacitidine for treat-
ment of myelodysplastic syndrome subtypes. Clin Cancer Res
2005, 11: 3604-8.

9. Pauer, L.R. et al. Phase | study of oral CI-994 in combination
with carboplatin and paclitaxel in the treatment of patients with
advanced solid tumors. Cancer Invest 2004, 22: 886-96.

10. Curt, G.A. et al. A phase | and pharmacokinetic study of dihy-
dro-5-azacytidine (NSC 264880). Cancer Res 1985, 45: 3359-63.

343

11. Zambrano P. et al. A phase | study of hydralazine to
demethylate and reactivate the expression of tumor suppressor
genes. BMC Cancer 2005, 5: 44.

12 Davis, A. et al. Phase | and pharmacologic study of the
human DNA methyltransferase antisense oligodeoxynucleotide
MG98 given as a 21-day continuous infusion every 4 weeks.
Invest New Drugs 2003, 21: 85-97.

13 Raffoux, E., Chaibi, P., Dombret, H., Degos, L. Valproic acid
and all-trans retinoic acid for the treatment of elderly patients
with acute myeloid leukemia. Haematologica 2005, 90: 986-8.

14. Monneret, C. Histone deacetylase inhibitors. Eur J Med
Chem 2005, 40: 1-13.

15. Kelly, W.K. et al. Phase | clinical trial of histone deacetylase
inhibitor: Suberoylanilide hydroxamic acid administered intra-
venously. Clin Cancer Res 2003, 9: 3578-88.

16. Gibbons, R.J. Histone modifying and chromatin remodeling
enzymes in cancer and dysplastic syndromes. Hum Mol Genet
2005, 14(1): R85-92.

17. Rocchi, P. et al. p21Wai/Cirl js a common target induced by
short-chain fatty acid HDAC inhibitors (valproic acid, tributyrin
and sodium butyrate) in neuroblastoma cells. Oncol Rep 2005,
13: 1139-44.

18. Qiu, L. et al. Histone deacetylase inhibitors trigger a G2
checkpoint in normal cells that is defective in tumor cells. Mol
Biol Cell 2000, 11: 2069-83.

19. Giles, F.J. et al. A phase /1l study of intravenous LBH589, a
novel histone deacetylase (HDAC) inhibitor, in patients (pts)
with advanced hematologic malignancies. Blood 2004, 104:
499A.

20. Sandor, V. et al. Phase | trial of the histone deacetylase
inhibitor, depsipeptide (FR901228, NSC 630176), in patients
with refractory neoplasms. Clin Cancer Res 2002, 8: 718-28.

21. Camphausen, K. et al. Enhanced radiation-induced cell
killing and prolongation of yH2AX foci expression by the histone
deacetylase inhibitor MS-275. Cancer Res 2004, 64: 316-21.

22. Nishino, N. et al. Cyclic tetrapeptides bearing a sulfhydryl
group potently inhibit histone deacetylases. Org Lett 2003, 5:
5079-82

23. Fournel, M., Moradei, O., Paquin, I. et al. Enhanced isotype-
selectivity and antiproliferative activity of thiophenyl derivatives
of benzamide HDAC inhibitors in human cancer cells. Proc Am
Assoc Cancer Res (AACR) 2006, 47: Abst 4725.

24. Entzeroth, M.B., Sangthongpitag, K., Goh, S.K. et al. Potent
antitumour activity of N-hydroxy-3-benzimidazole-5-yl acryl-
amides. Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst
3811.

25. Cao, Z.A., Bass, K.E., Balasubramanian, S. et al. The effects
of histone deacetylase (HDAC) inhibitor, CRA-026440, on angio-
genesis, signal transduction and tumor growth. Proc Am Assoc
Cancer Res (AACR) 2006, 47: Abst 5047.

26. Mand, M., Edwards, C., Tumati, V. et al. A novel histone
deacetylase inhibitor with potent antiproliferative activity in ovar-
ian cancer cells. Proc Am Assoc Cancer Res (AACR) 2006, 47:
Abst 5039.

27. Mortazavi, A., Hoot, D.R., Carlton, P.S., Chen, C.-S., Clinton,
S.K. Modulation of ErbB family receptors by a novel histone



344 Epigenetic targets as an approach to cancer therapy and chemoprevention

deacetylase inhibitor HDAC-42, in bladder cancer cell lines.
Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst 5044.

28. Beyer, S.J., Kulp, S.K., Baird, M. et al. The effects of a
phenylbutyrate-derived histone deacetylase inhibitor (HDAC-42)
on acid-induced gene expression patterns of SEG-1 human
esophageal adenocarcinoma cells. Proc Am Assoc Cancer Res
(AACR) 2006, 47: Abst 4807.

29. Gupta, S., Girdhni, S., Boyer, S.J., Chen, C.-S., Ahmed,
M.M. Novel histone deacetylase inhibitors as radiosensitizers in
the treatment of prostate cancer. Proc Am Assoc Cancer Res
(AACR) 2006, 47: Abst 5310.

30. Kim, L.-A., Shin, J.-H., Kim, I.-H. et al. HDAC inhibitor-medi-
ated radiosensitization of human cancer cells: Class differences
and the potential influence of p53. Proc Am Assoc Cancer Res
(AACR) 2006, 47: Abst 5038.

31. Qian, X., LaRochelle, W.J., Ara, G., Sehested, M.,
Lichestein, H.S., Jeffers, M. Activity of the HDAC inhibitor,
PXD101, used as monotherapy and combination therapy in pre-
clinical NSCLC studies. Proc Am Assoc Cancer Res (AACR)
2006, 47: Abst 4743.

32. Lillehammer, T., Maelandsmo, G.M., Fodstad, O.,
Engebraaten, O. Combined treatment with Ad-TRAIL and
chemotherapy (DTIC and SAHA) in human melanoma cell lines.
Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst 5481.

33. Rubin, E.H., Mazina, K.E., Agrawal, N. et al. A phase | study
evaluating the safety, tolerability, and pharmacokinetics of oral
vorinostat (VOR) in patients with advanced cancer. Proc Am
Assoc Cancer Res (AACR) 2006, 47: Abst 2907.

34. Kato, Y., Yoshimura, K., Shin, T. et al. Synergistic in vivo
antitumor effect of the histone deacetylase inhibitor MS-275 in
combination with interleukin 2 in a murine model of renal cell car-
cinoma. Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst
5053.

35. Zhou, Q., Agoston, A.T., Blum, J., Atadja, P., Nelson, W.G.,
Davidson, N.E. Histone deacetylase inhibition reactivates the
silenced estrogen receptor alpha gene and sensitizes ER-nega-
tive human breast cancer cells to tamoxifen. Proc Am Assoc
Cancer Res (AACR) 2006, 47: Abst 2280.

36. Verheul, H.M.W., Qian, D.Z., Van Erp, K., Salumbides, B.,
Sanni, T., Atadja, P., Pili, R. Combination therapy targeting
hypoxia inducible factor-a (HIF-1a) and tissue factor (TF) by the
mTOR inhibitor rapamycin and the histone deacetylase inhibitor
LBH589. Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst
1033.

37. Yu, C., Friday, B.B., Atadja, P., Adjei, A.A. The multi-kinase
receptor inhibitor AEE-788 interacts synergistically with histone
deacetylase (HDAC) inhibitors to induce apoptosis in human
malignant cells. Proc Am Assoc Cancer Res (AACR) 2006, 47:
Abst 3783.

38. Prince, H.M., Ellis, L., Johnstone, R. et al. Oral LBH589, a
novel histone deacetylase inhibitor, treatment of patients with
cutaneous T-cell lymphoma (CTCL). Changes in skin gene
expression profiles related to clinical response following therapy.
Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst 1146.

39. Felsenfeld, G., Groudine, M. Controlling the double helix.
Nature 2003, 421: 448-53.

40. Jaenisch, R., Bird, A. Epigenetic regulation of gene expres-
sion: How the genome integrates intrinsic and environmental sig-
nals. Nat Genet 2003, 33: 245-54.

41. Hanash, S. Integrated global profiling of cancer. Nat Rev
Cancer 2004, 4: 638-44.

42 Brueckner, B. et al. Epigenetic reactivation of tumor suppres-
sor genes by a novel small-molecule inhibitor of human DNA
methyltransferases. Cancer Res 2005, 65: 6305-11.

43. Yoo, C.B., Liang, G., Laird, P.W., Thykjaer, T., Orntoft, T.F.,
Marquez, V.E., Jones, P.A. The effects of long-term administra-
tion of zebularine, a DNA methylation inhibitor, in vivo. Proc Am
Assoc Cancer Res (AACR) 2006, 47: Abst 9.

44. Johnson, W.D., Harder, J.B., Naylor, J., McCormick, D.L,
Detrisac, C.J., Glaze, E.R., Tomaszewski, J.E. A pharmacoki-
netic/pharmacodynamic approach to evaluating the safety of
zebularine in non-human primates. Proc Am Assoc Cancer Res
(AACR) 2006, 47: Abst 1311.

45. Lyon, C.M,, Linge, D.K., Liechty, K.C., Belinsky, S.A. DNA
demethylating agents and a PPAR-y agonist cooperate to induce
apoptosis in lung cancer cell lines. Proc Am Assoc Cancer Res
(AACR) 2006, 47: Abst 41.

46. Gopisetty, G., Ramachandran, K., Singal, R. Upregulation of
GDD45a expression either by treatment with 5’aza-2'deoxycyti-
dine or by downregulation of MeCP2 protein increases sensitivi-
ty of Dul45 cells to docetaxel chemotherapy. Proc Am Assoc
Cancer Res (AACR) 2006, 47: Abst 2465.

47. Teixeira, V.R., Da Costa, M., Costa, F.F., Camargo, A.A.,
Chammas, R. Galectin-3 gene is silenced by methylation along
melanoma progression. Proc Am Assoc Cancer Res (AACR)
2006, 47: Abst 1602.

48. Sankpal, U.T., Robertson, K. The mechanism of 5-aza-
2'deoxycytidine-mediated cytotoxicity in the treatment of cancer.
Proc Am Assoc Cancer Res (AACR) 2006, 47: Abst 2285.

49. Liu, Y., Lubet, R.A., Steele, V.E., Kramer, P.M., Nines, R.,
Csato, B., Pereira, M.A. Prevention by 5-aza-deoxycytidine and
SAHA of vinyl carabamate-induced mouse lung tumors. Proc Am
Assoc Cancer Res (AACR) 2006, 47: Abst 698.

50. Cantor, J.P., lliopoulos, D., Rao, A.S. et al. Epigenetic mod-
ulation of endogenous tumor suppressor expression in lung can-
cer reduces tumorigenicity. Proc Am Assoc Cancer Res (AACR)
2006, 47: Abst 2161.

51. Lakshman, T.V., Cantor, J.P., Rao, A.S., Collins, J.E.,
Friedberg, J.S. Effects of DNA methyltransferase and histone
deacetylase inhibitors on tumorigenicity and MHC1 expression in
a murine non-small cell lung cancer cell line. Proc Am Assoc
Cancer Res (AACR) 2006, 47: Abst 1612.

52. Oki, Y., Kantarjian, H.M., Davis, J. et al. Expression analysis
of the p15™Nk48 and p21CPWAF genes in patients with MDS treat-
ed with decitabine. Proc Am Assoc Cancer Res (AACR) 2006,
47: Abst 2284.





